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Abstract. Macrofossil carbonate is extensively used for palacoenvironmental and chemostratigraphic research, especially for the recon-
struction of Mesozoic and Paleozoic environments, climates and Earth system evolution. Work on such materials has allowed to chart geo-
chemical signatures of biomineralisation and diagenetic overprints. This information, in conjunction with studies on modern analogues,
allows placement of newly obtained results into a well-established conceptual framework of geochemical and structural overprints on
macrofossils.

The reliability of geochemical research using Mesozoic macrofossils can be optimized by taking into account these general patterns of fos-
sil diagenesis and tendency for exhibiting metabolic effects that bias palaecoenvironmental proxy incorporation into biominerals. Such
biases are specific to individual taxa and successions and have to be tested in each study to provide quantitative constraints on preserva-
tion. Due to the large potential range of the expression of post-depositional alteration, analysis of relevant diagenetic phases and altered
fossil materials should always complement study of the best-preserved material.

This contribution outlines principles behind this screening approach and provides guidance on general sampling and sample evaluation
strategies. These strategies improve the confidence in the validity of analytical data from macrofossil carbonate for palacoenvironmental

interpretation, including for novel and easily altered geochemical proxies.

INTRODUCTION

Much of the pioneering work on palacoenvironmental
reconstruction using bio-minerals has been done on macro-
fossils. Building on the theory that oxygen isotope ratios in
ancient carbonates could be used as a palacothermometer,
and that these ratios could feasibly be determined at suffi-
cient precision for meaningful temperature estimates (Urey,
1947), analytical data from modern marine invertebrates and
Mesozoic macrofossils (oyster and belemnite calcite) were
soon published (Urey, 1948). Shortly after this, the calcite of
rostra of the belemnite species Belemnitella americana from
the Maastrichtian PeeDee Formation of South Carolina be-
came the source of the reference gas at the Institute of Nu-

clear Studies in Chicago (PDB, Urey et al., 1951). Since
then, the importance of macrofossils has been manifest
through B. americana as the “PeeDee Belemnite”, serving
as the global isotopic standard for biogenic carbonate C and
O isotope analysis which still stands as the isotopic anchor
for biological carbonates (Stichler, 1995).
Palaeoenvironmental reconstructions of the Paleozoic
and Mesozoic were built, beginning with few data points
(Urey et al., 1951), but increasing in detail (e.g., Bowen,
1960; Compston, 1960; Bowen, Fritz, 1963), over time lead-
ing to large, macro-fossil calcite-based compilations (Veizer
et al., 1999; Dera et al., 2011; Bodin et al., 2015; Korte
et al., 2015; Hesselbo et al., 2020). The attention of geo-
chemists soon broadened to microfossils (e.g., Emiliani,
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1954, 1955) which are now generally the preferred sub-
strates for studying the Cenozoic and partly also late Meso-
zoic (e.g., Zachos et al., 2001; Westerhold et al., 2020), with
different sampling and sample treatment approaches estab-
lished for such materials (e.g., Martin, Lea, 2002; Vetter
et al., 2013). However, macrofossils are still the most im-
portant biological substrates to reconstruct Mesozoic and
Paleozoic environments. Where records with sub-annual
resolution are essential, they are also used for the more re-
cent geologic past (e.g., Jones, Allmon, 1995; Schone et al.,
2004) and they lend themselves to analysis of isotopic sys-
tems that tend to require comparatively large sample sizes.
Utilising latest technological advances and scientific under-
standing of biomineralisation as part of the sampling strate-
gy will thus continue to positively impact macrofossil re-
search and palaeoenvironmental research in general.
Complications that limit the direct applicability of meas-
ured oxygen isotope ratios of fossil carbonate have been ap-
parent since the first attempts to use this proxy, and these
considerations are still relevant today. The existence of a vi-
tal effect, biasing isotopic ratios away from isotopic equilib-
rium with the liquid in which the carbonate is secreted, was
mentioned as a distinct possibility beginning with the first
publications on biogenic carbonate (Urey, 1948; Urey et al.,
1951). Such effects were substantiated for various orga-
nisms (McConnaughey, 1989; Wefer, Berger, 1991; Carpen-
ter, Lohmann, 1995; Serensen et al., 2015), with research
continuing to uncover increasingly subtle offsets and effects
specific to types of biomineral subunits and/or sample posi-
tion within a hard part (e.g., Takayanagi et al., 2015; Ull-
mann et al., 2015; Hoffmann et al., 2016; Immenhauser
et al., 2016). Equally, the risk that carbonates could undergo
isotopic exchange after deposition as a consequence of me-
tamorphic reactions, recrystallisation, diffusion, closed and
open system diagenesis was discussed on a theoretical level
very early on (Urey, 1948; Urey et al., 1951). Building on
these first accounts, observations from fossil material high-
lighted the existence of diagenetic trends that could be
traced with geochemical indices (Lowenstam, 1961; Curtis,
Krinsley, 1965; Longinelli, 1969; Veizer, 1974, 1983; Brand,
Veizer, 1980; Al-Aasm, Veizer, 1982, 1986a, b; Marshall,
1992; Ullmann et al., 2013a; Fernandez ef al., 2021). Such
empirical work on fossil examples was also supplemented
by experimental studies (e.g., Riechelmann et al., 2016;
Guo et al., 2019), and theoretical work (e.g., Banner, Han-
son, 1990; Fantle et al, 2010) that, taken together, have
yielded a solid understanding of the expression and expect-
ed magnitudes of post-depositional alteration (Swart, 2015;
Ullmann, Korte, 2015). Nevertheless, the issues of the ex-
pression of diagenesis and the confident identification of
diagenesis-induced biases on proxy records remain amongst
the biggest obstacles to palacoenvironmental research. This

is particularly the case for research on marine records going
beyond the Jurassic, where target sedimentary successions
have (nearly) invariably been subject to a degree of tectonic
displacement. This is of importance, because such tectonic
episodes have the potential to cause complex diagenetic re-
actions that occur when sediments and their fossil contents
re-equilibrate with changing pressure, temperature and che-
mical conditions. Research on diagenesis is still ongoing
also because new proxies are starting to be utilised that are
highly sensitive to contamination, such as isotope ratios of
lithium and boron whose concentrations in fossil carbonates
are typically much lower than in the enclosing sedimentary
matrix (e.g., Paris et al., 2010; Washington et al., 2020; Li
et al., 2021). Equally, subtle recrystallisation or diffusion
which are relevant for clumped isotope thermometry (e.g.,
Henkes et al., 2014; Fernandez et al., 2021) may not be
picked up by conventional screening.

The purpose of the present contribution is to illustrate
existing practices of sampling and assessing Mesozoic car-
bonate (with an emphasis on low-Mg calcite) macrofossils
for palacoenvironmental research. Benefits and shortcom-
ings of various approaches to sampling and determination of
fossil preservation are highlighted, and guidance for suitable
sampling is provided. This guidance is in principle also ap-
plicable to the study of fossils from other time periods, but
the focus here is on fossils and palacoenvironmental settings
that are typical of Mesozoic strata. A set of general guiding
principles for preparation of such materials are provided that
can be used to improve the reliability and scientific impact
of generated data. Finally, an attempt is made to generalize
criteria for the assessment of macrofossil-based work. These
criteria may be taken to judge what the most important limi-
tations of case studies are that may need to be mitigated.

SAMPLING STRATEGIES TO CONTROL DIAGENESIS

A fact of far-reaching importance is that no fossil found
in the geological record is compositionally exactly the same
as at the point that the animal died. Even though the term
‘pristine’ is sometimes used in the literature to describe very
well-preserved fossil shell materials (e.g., Jenkyns et al.,
2002; Brand et al., 2010; Korte et al., 2015), this terminolo-
gy should probably be avoided and replaced by more realis-
tic descriptors. As diagenesis causes structural and geo-
chemical modifications of target fossil materials, when taken
for palaeoenvironmental work, samples affected by altera-
tion beyond acceptable limits need to be identified and ex-
cluded from further consideration. Thus, screening for post-
depositional overprints stands at the beginning of the
evaluation of macrofossil material, and sampling of fossil
remains needs to be carried out so that this screening is as
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effective as possible. The inextricable link between under-
standing fossil geochemistry and fossil diagenesis warrants
examination how sampling procedures can be optimized to
apply all relevant techniques for studying diagenesis.

Studies of the general effects of post-depositional altera-
tion of shell materials have been conducted, and a number
of well-known references relating to previous research are
often quoted (e.g., Brand, Veizer, 1980, 1981; Veizer, 1983;
Al-Aasm, Veizer 1986a, b; Marshall, 1992). While this work
was pioneering at the time, it established a consensus ap-
proach to assessing (macro)fossil preservation that was par-
tially driven by the analytical limitations of the time, parti-
cularly in relation to the rate at which samples could feasibly
be analysed. With much more rapid and precise analytical
methods now routinely available to obtain information about
the isotopic composition (e.g., Spdtl, Vennemann, 2003; Pin
et al., 2014) and element concentrations (e.g., Rosenthal
et al., 1999; Schrag, 1999) in geomaterials, it is possible to
build on the general understanding of expected diagenetic
trends and to determine their specific manifestation in stud-
ied localities with comparative ease. To this end, stratigra-
phically resolved diagenetic endmembers and alteration
trends within fossils, sometimes down to the genus level,
may have to be determined (e.g., Brand et al., 2010; Harlou
et al., 2016). This calls for a specific sampling approach, in-
cluding analysis of bulk sediment, diagenetic end-members,
and (partially) altered fossil material, as explained in more
detail below.

GENERALIZED ASSUMPTIONS
FOR GEOCHEMICAL TRENDS OF ALTERATION

In most diagenetic environments, diagenetic processes
that modify the geochemistry of fossil shells follow qualita-
tively the same trends, namely a loss of Sr, Na, 180, 13C and
gain of Mn, Fe, 10 and '2C (e.g., Brand, Veizer, 1981).
These geochemical trends are typical of diagenetic stabiliza-
tion during interaction with meteoric waters (e.g., Brand,
Veizer, 1981), a scenario that very often applies. However,
a wider variety of trends was equally highlighted, for in-
stance for carbon and oxygen isotopes responding to marine
cementation or burial diagenesis (Al-Aasm, Veizer, 1986a, b).
A summary of the wide array of possible diagenetic effects
on bulk carbonate geochemistry has been given by Swart
(2015), while more macrofossil-focussed descriptions were
provided by Ullmann and Korte (2015). The available litera-
ture altogether highlights that diagenesis is a ubiquitous
phenomenon even in apparently well-preserved materials
and that there is no standard alteration pathway for geo-
chemical proxies in biological carbonates. Some common
assumptions can be made about fossil preservation, which

often tend to hold in qualitative terms but need to be defined
carefully in relation to the local context to be useful to ef-
fectively discriminate well-preserved from poorly-preserved
material.

Comparison of fossil chemical composition
to modern analogues

Modern biological carbonate is compositionally distinct
from abiogenic carbonate (e.g., Carpenter, Lohmann, 1992;
Ullmann et al., 2018). Therefore, a good argument about
preservation can potentially be made where the chemical
fingerprint of a fossil matches that of modern analogues
rather than that of inorganically precipitated carbonate. By
the 1950s (e.g., Odum, 1951; Chave, 1954), the utility of
element concentrations in biological carbonate to recon-
struct temperature and ocean chemistry was considered, and
the Mg and Sr content of biological carbonate was soon af-
ter charted in considerable detail (Dodd, 1967). Compila-
tions of geochemical compositions of relevant groups based
on large numbers of individual quantitative analyses and
dozens of taxa now exist, e.g. for brachiopods (Brand et al.,
2003, 2013) and barnacles (Ullmann ef al., 2018). Because
the distinct geochemical fingerprints of these organisms are
expected to be erased by diagenesis, comparison to the geo-
chemical composition of modern taxa has been abundantly
used to argue for the preservation of fossil representatives
(e.g., Popp et al., 1986; Veizer et al., 1999; Mii ef al., 2013).

While comparison of key element concentrations be-
tween modern and fossil taxa can be quite successful, utiliz-
ing the entire observed compositional range of modern ana-
logues is not typically an optimal strategy. In diverse groups
of animals there are commonly chemical distinctions relat-
ing to finer taxonomic subdivisions, as for instance seen in
the progressively increasing Sr and Mg content from rhyn-
chonellid and terebratulid brachiopods through thecideid
brachiopods to the high Mg calcite of craniid brachiopods
(Brand ef al., 2003; Ullmann et al., 2017a; Fig. 1).

Equally, in modern barnacles the majority of taxa has
been found to secrete low Mg calcite, while the species Ca-
pitulum mitella is distinct in secreting alternating bands of
low and high Mg calcite (Ullmann et al., 2018). Even where
a wide range of taxa have been analysed in modern environ-
ments, these analyses may not be entirely representative of
the fossil populations (Fig. 1). For instance, modern brachio-
pod analyses have covered terebratellinids comparatively
well, while only few rhynchonellid taxa have been pub-
lished on in detail. Studies on fossil material on the other
hand preferentially use rhynchonellids due to the absence of
punctae (Perez-Huerta et al., 2009) and the lack of pro-
nounced vital effects in the secondary shell layers of the lat-
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Fig. 1. Range of Sr/Ca and Mg/Ca ratios in modern and fossil brachiopods

A. Grey box showing full range of either proxy without co-variation in modern taxa; B. Individual analyses for modern and fossil taxa, highlighting also the co-
variation of both element/Ca ratios in brachiopods. C-H. finer differences between brachiopod orders/suborders, illustrating also the imbalance in taxonomic

breadth between modern and fossil taxa that have been reported on.
C, E, G. Modern data compiled from Brand et al. (2003) and Ullmann et al.
Wierzbowski (2015), Harlou et al. (2016) and Ulimann et al. (2020)

ter (e.g., Parkinson et al., 2005; Ullmann et al., 2017a).
Nevertheless, if comparison is made to the compositional
range of modern taxa, a selective approach regarding the
comparator taxa is typically required to allow for meaning-
ful assessments of the true expected natural range of geo-
chemical data.

Besides taxonomic differences, the concentration of
a number of elements in biological calcite is driven by envi-
ronmental factors rather than species-specific incorporation.
For instance, Mn and Fe tend to relate to the ambient bioa-
vailable levels of these elements (Freitas et al., 2006; Barbin
et al., 2008), e.g. at human-made structures (Ullmann et al.,
2018) and river outlets (Almeida ef al., 1998), even though
a direct link can be hard to establish (Cravo ef al., 2007;
Freitas et al., 2016). Linking the reported concentration of
such elements with the taxon for which it was reported
would therefore be problematic. Instead, modern analogue
comparisons are likely to be more successful if focusing on

(2017a, b). D, F, H. Fossil data from Voigt et al. (2003), Jelby et al. (2014),

elements which are uniformly distributed in seawater and
whose concentration in biological shell materials is there-
fore determined largely by the (species-specific) distribution
coefficient between water and carbonate. Even for these ele-
ments obstacles exist, namely the secular changes in ocean
chemistry which conceivably complicate direct comparison
between fossils and modern taxa (Odum, 1951; Stanley,
Hardie, 1998; Steuber, Veizer, 2002; Ullmann et al., 2013b;
Fig. 1). Indeed, the Mesozoic brachiopods illustrated in Fig-
ure 1 tend to exhibit somewhat lower Mg/Ca ratios than
comparable modern taxa. This might be related to a higher
Mg/Ca ratio of modern seawater compared to estimates for
the Mesozoic (e.g., Stanley, Hardie, 1998; Coggon et al., 2010).
However, sampling bias cannot be excluded as an explana-
tion due to the small number of well-described modern and
fossil taxa that can be relied upon for granular comparison.
Overall, comparison of fossil chemistry to the chemical
composition of modern taxa is currently held back by the
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still limited size of compilations for geochemical finger-
prints of modern and well-preserved fossil species. In the
future, however, matching chemical signals with closely re-
lated species will be very valuable to ascertain good shell
preservation. Obtaining basic element data for taxonomical-
ly identified fossil taxa should increasingly become the
norm, in time permitting more robust matching of composi-
tional ranges as means of assessing preservation, ideally
against information on closely related taxa from the same
time and ideally same region and depositional environment.

Mn/Sr ratios and global Mn, Sr, or Fe limits

A variation on the theme of matching fossil data to the
compositional range of modern taxa is to impose limiting
concentrations of various elements or sometimes ratios of
elements as a marker for preservation. Qualitatively, a re-
duction of Sr and a gain of Mn and Fe in diagenetic environ-
ments is likely (Brand, Veizer, 1980; Carpenter, Lohmann,
1992) and these elements are often used to set quantitative
preservation markers (see Ullmann, Korte, 2015 for a list of
examples). As modern biogenic carbonates typically show
an enrichment in Sr over abiogenic carbonates (Dodd, 1967;
Carpenter, Lohmann, 1992) and comparatively low Mn and
Fe concentrations (e.g., Brand et al., 2003; Ullmann et al.,
2018), such an approach is qualitatively justified. However,
there are wide compositional differences in diagenetic end-
members (see Ullmann, Korte, 2015 for some examples), as
well as primary biogenic carbonates, that require attention.
Figure 2 illustrates the pitfalls in generalizations and high-
lights the necessity of a more refined approach, including
the routine sampling and determination of diagenetic end-
members.

In the case of Jurassic (Toarcian) fossils from Spain
(Fig. 2A—C), it is clear that different fossil types occupy dis-
tinct areas in geochemical cross plots, and therefore assign-
ing Sr and Mg limits for good preservation would only be
useful if refined for these distinct groups. In this example,
geochemically distinct samples falling outside the typical
range in these fossils generally show elevated Mg, Mn (and
Fe, not shown) levels, and the Mg trend in bivalves hints at
a diagenetic end-member similar to bulk rock rather than
calcite cement (Fig. 2A). However, besides belemnite sam-
ples, the Sr content of the fossil shell fragments analysed for
this study is not very different from that observed in bulk
rock. Consequently, alteration-imposed changes in Sr ap-
pear to be smaller than the natural variability of Sr content
in virtually all measured samples. Sr content — even if spe-
cifically set for different fossil groups — in this scenario
would therefore not be a useful marker of preservation be-
cause it is not diagnostic for either state. Mn content is
markedly higher than background in some samples, with

bulk rock compositions still a viable model for the diage-
netic endmember. Taken together, this allows justification of
the use of limiting Mn (as well as Fe which is not shown
here, and taxon-specific Mg) contents for the fossils, and to
predict that biases on other geochemical proxies imposed by
alteration may be modelled using the enclosing bulk rock as
an endmember.

In the case of a Toarcian belemnite from the Cleveland
Basin of the UK (Fig. 2D-F), a somewhat different picture
emerges, where intra-specimen variability of Mg and Sr is
too large to observe any meaningful correlation with the
composition of local cements. Nevertheless, distinct enrich-
ments in Mn that are associated with minor depletions in Sr,
as expected for fossils that are secreted with a comparatively
high primary Sr content, are seen. Here, it is largely the
co-variation of C and O isotopes in Mn enriched samples
that trend towards the isotopic ratios of the cement that jus-
tify the use of Mn content as a criterion for preservation.

In either of the example cases outlined above, limiting
element concentrations could only be defined because sam-
ples were also measured of diagenetic phases, and these lim-
its could then be set individually with the magnitude of bias
imposed on target proxies in mind.

C and O co-variation

The degree of co-variation between C and O isotope ra-
tios in ancient carbonates is often taken as one of the princi-
pal tests for retention of a primary signature, where a strong
positive correlation between the two ratios indicates (par-
tial) overprint (e.g., Veizer et al., 1997; Grocke et al., 2007,
Alberti et al., 2019). While this approach can highlight pre-
servation issues, positive correlation of C and O isotope ra-
tios may occur without a strong diagenetic component, and,
importantly, diagenetic overprints may not lead to a positive
correlation between these ratios. It is critical to consider the
geological materials studied and the local diagenetic context
to judge which of these scenarios may apply.

Partial diagenetic modification of carbonate toward an
endmember depleted in '3C and 30 such as modelled e.g.
by Banner and Hanson (1990), (for empirical examples of
this see for instance Ullmann et al., 2015; Godet et al., 2016;
Jenkyns, Macfarlane, 2022) is one of the main causes of
a strong positive co-variation between C and O isotope ra-
tios in ancient carbonates. However, the same effect is cre-
ated by the analysis of materials that exhibit well-expressed
vital effects seen in certain parts of biological carbonate,
such as in corals (McConnaughey, 1989; Wefer, Berger,
1991) or brachiopods (Carpenter, Lohmann, 1995; Parkin-
son et al., 2005; Ullmann et al., 2017a). These biological
archives naturally contain portions of carbonate that are
highly enriched in '>C and '°O, while other parts are more
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Fig. 2A-C. Range of element concentrations and isotopic ratios in macrofossils in Toarcian strata from Central Spain (data from Ulimann et al., 2020).
D-F. Range of element concentration and isotopic ratios in multiple transects through one Toarcian belemnite rostrum of the species Passaloteuthis
bisulcata from the Cleveland Basin, Yorkshire, UK (data from Ullmann et al., 2015)

Also shown as dotted lines in the top panel are mixing lines of fossil endmembers with either bulk rock or cement in the top left and selected Mn/Sr ratios in
the middle panel. Small symbols relate to individual measurements while larger symbols with stronger outline show median for each sample type

closely matched with expected ratios of carbonate secreted
in isotopic equilibrium with ambient liquids. Equally, sedi-
mentary successions covering longer periods of geologic
history, where climatic and environmental change caused
parallel shifts in palacotemperature/salinity and carbon cy-
cle may yield such covariation (e.g., Brand et al., 2012). For
instance, during some of the prominent Mesozoic phases of
deoxygenation in marine environments that are typically
linked with (substantial) warming and coincident carbon cy-

cle perturbation (Jenkyns, 2010; Suan ef al., 2010; Bodin et
al., 2015), such co-variation would naturally be imposed on
the carbonate record.

On the other hand, there are multiple reasons why diage-
netic co-variation of oxygen and carbon isotopes is not
strongly developed. For co-variation to be observed, a studied
series of samples needs to exhibit a heterogeneous degree of
preservation and two distinct compositional endmembers,
the primary and diagenetic endmember. If preservation is
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largely skewed to one or the other, only some outliers from
a general compositional field would be seen. If there are
multiple diagenetic endmembers, no linear covariation of
proxies can be postulated, and if the diagenetic endmember
lies within the natural variability of the samples (Harlou
et al., 2016) or only has a distinct composition for either C
or O isotope ratios (Ullmann et al., 2020), no co-variation
would be imposed by partial overprint either. Even if the
diagenetic endmember is well-defined and compositionally
distinct, to cause a strong co-variation of isotopic ratios it
has to be distinct enough to cause data variance that exceeds
the primary natural variability. Depending on the diagenetic
environment, types of studied fossils, and geologic time in-
terval, this may well not be the case.

The two case studies shown in Figure 2 illustrate some
of these points. In fossils from Spain covering the Early Ju-
rassic Toarcian Oceanic Anoxic Event (Ullmann ef al., 2020;
Fig. 2A—-C), large-scale changes in carbon isotope ratios as
well as oxygen isotope ratios in fossils are seen as a conse-
quence of changing environmental conditions. The local
diagenetic endmember (akin to bulk rock composition) is
isotopically indistinct with only marginally 30 depleted
oxygen isotope signature, so even moderate alteration of
fossils would not be visible easily in a cross plot of carbon
versus oxygen isotope ratios in this case. Even if the sam-
ples were compromised by addition of isotopically more ex-
treme diagenetic cements, as a few measurements indicate,
these would only be expected to yield a marked shift in
8180. Since 8!3C in this case would change only slightly, no
strong co-variation of these two isotopic systems would be
seen even when including moderately to poorly preserved
material with a strong cement presence.

Contrasting this, individual transects through a belem-
nite rostrum from the Cleveland Basin, UK (Fig. 2D-F),
show clear and very strong linear co-variation of C and O
isotope ratios grading towards the isotopic ratios seen in lo-
cal calcite cement. Therefore, the co-variation of the isotope
ratios is clearly linked with heterogeneous sample preserva-
tion in this case. Even in this relatively clear-cut case,
though, the fossil endmember is different in each transect
due to the comparatively high intra-specimen variability of
the isotopic ratios and different interval of the ontogenetic
sequence that was partially overprinted in each of these tran-
sects.

Altogether it is risky to presume that a correlation be-
tween C and O isotope ratios will occur in overprinted mate-
rial and can thus be used as a quality control marker. Instead,
obtaining the same suite of proxies for diagenetic phases as
for target fossil materials provides the most robust possible
constraints on the degree of preservation (or diagenetic
overprint), because magnitude of change and the proxy that
shows compromised shell material best will depend on the

local setting. Indeed, these overprints may be taxon- and
time-dependent, potentially requiring quite granular analysis
in certain settings (Brand et al., 2012; Harlou et al., 2016).

SHELL STRUCTURE ANALYSIS

While crystallographically identifiable as calcite, arago-
nite, or other carbonate polymorph (despite distinct crystal
lattice distortions, Pokroy et al., 2006; Zolotoyabko et al.,
2010), the morphologies of macro-invertebrate carbonate
are highly distinct at the macroscopic level and at the scale
of individual crystal units (shell fibres) (Checa ef al., 2007;
Ullmann et al., 2015; Cusack, 2016; Checa, 2018; Ye et al.,
2018). These distinct shapes are thermodynamically unfa-
vourable (Busenberg, Plummer, 1989), causing recrystalli-
zation to have a clear effect on shell fibre morphology and
crystallographic parameters (e.g., Brand et al., 2007; Ull-
mann, Korte, 2015; Casella et al., 2018). The study of the
morphology of these individual crystals via optical or elec-
tron beam techniques is thus very useful to obtain qualita-
tive information on dissolution, secondary precipitates, or
(partial) recrystallization that fossil shell material suffered.

Because of the typically heterogenecous preservation of
fossil shell materials, such analysis is best used in conjunc-
tion with other tools to study preservation, but it provides
a useful additional dimension to the nature of diagenetic
processes that shell material may have been exposed to, es-
pecially when unusual geochemical signatures are observed.
It is therefore beneficial to prepare fossil specimens or frag-
ments of their shells for dedicated optical or microscropic
screening.

Optical assessment techniques test similar attributes,
meaning that are multiple tools available to study the struc-
tural preservation of fossil hard parts. An initial optical as-
sessment using a hand lens or binocular microscope can al-
ready be very informative for screening preservation, as
recrystallisation for instance typically causes belemnite ros-
tra to lose their transparency (Ullmann et al., 2014; Ull-
mann, Korte, 2015) and brachiopods to lose the silky reflec-
tion on their secondary shell layers.

More advanced optical techniques such as studying pol-
ished sections using a petrographic microscope or via electron
backscatter diffraction (EBSD) gives spatially resolved infor-
mation about the structural integrity of individual subunits of
the shell (e.g., Ullmann et al., 2014; Casella et al., 2018). In-
dividual fragments of shell can also be tested using scanning
electron microscopy via secondary electron images, giving
highly resolved imagery for the surface features of part of the
shell, which allows to test for dissolution, recrystallisation
and other secondary features imposed on the material (e.g.,
Veizer et al., 1999; Brand et al., 2007; Korte, Hesselbo, 2011).
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These insights, in conjunction with geochemical data,
can be very powerful to reconstruct alteration process mag-
nitude, timing, and type.

SAMPLE SELECTION AND CHEMICAL
PRE-PROCESSING TO COMBAT OVERPRINTS

It has been shown for different invertebrate groups that
there are geochemically distinct parts of their shell either in
terms of element signatures (Ullmann et al., 2015 for belem-
nites, Ullmann et al., 2017a for brachiopods) or isotopic
signatures (e.g., Parkinson et al., 2005). Equally, partial
overprints of macrofossil calcite are usually spatially hetero-
geneous, which can be visualized by imaging and geochemi-
cal mapping techniques such as cathodoluminescence (e.g.,
Savard et al., 1995; Barbin, 2000, 2013; England et al.,
2006), uXRF (de Winter, Claeys, 2017), or PIXE (Bruck-
schen et al., 1995; Veizer et al., 1999).

Maintaining spatial integrity of fossil specimens before
sampling takes place and noting the location from which
samples derive is therefore critical for minimizing the pos-
sibility of inducing added variability and possible bias to
proxy datasets. This means that pre-crushing of fossils be-
fore picking the best-preserved looking fragments is prob-
lematic and should only be done if there is no other viable
means of exposing well-preserved fossil carbonate. A more
suitable way of accessing well-preserved fossil material is to
physically remove sediment and altered material, for exam-
ple using a handheld drill, preparation needle, or scalpel, be-
fore extracting target material from such pre-cleaned surfaces.

For microfossils, chemical cleaning protocols to remove
oxide crusts, etc., are commonplace. These procedures have
been used also for macrofossils (e.g., McArthur et al., 2004;
Harlou et al, 2016), but should be employed carefully
where they are necessary. Chemical pre-treatment of sam-
ples has the potential to bias geochemical results where hard
parts are composed of different shell structures with some-
what differing resistance to acid attack. At the same time,
acid pre-leaching of carbonate fossils is more likely to di-
gest primary fossil material than altered parts because the
recrystallized shell material approaches a thermodynamical-
ly more favourable form than the biogenic original (Busen-
berg, Plummer, 1989).

MULTI-LEVEL ASSESSMENT OF DIAGENESIS

A wide, and ever growing, range of geochemical proxies
can be used for intricate reconstructions of palaeoenviron-
mental conditions and palacoecology. Commonly, the po-

tential for alteration of the more advanced proxies is similar
or greater than for proxies that are routinely measured for
macrofossils. Trace element proxies such as Li and B for in-
stance are more susceptible to significant bias due to poten-
tial mobility in the crystal lattice, and the typically much
higher Li and B levels in encasing sediments compared to
the fossil materials (e.g., Paris et al., 2010; Pogge von
Strandmann et al., 2013); radiogenic isotope ratios such as
87S1/86Sr may already be significantly biased by only small-
scale diagenetic overprints (e.g., Brand, 1991); clumped iso-
tope ratios may respond to prolonged exposure to moderate-
high temperatures without any traditional diagenesis marker
picking this up (Fernandez et al., 2021).

This places an extra burden of proof of preservation on
any such more advanced proxy, where studied materials not
only have to pass the usual scrutiny, but also the additional
tests put in place to ascertain sufficient preservation for the
specific proxy. At the same time, interpretation of such more
advanced proxies is typically also assisted by a robust
framework of well-established proxies which commonly
arise from basic optical and chemical screening of fossils. It
follows that fossil materials taken for palacoenvironmental
reconstructions should always be tested for structural and
basic geochemical preservation in addition to testing the
preservation of more advanced proxies. This approach,
when applied rigorously, allows more faith to be placed on
the validity of advanced proxies and also provides crucial
metainformation contextualizing these data.

SAMPLE SIZE, SAMPLE TYPE AND POSITION

Macrofossils are typically characterized by growth rates
that are high enough to allow for the extraction of palacocli-
mate parameters at greater than annual resolution. This po-
tential is utilized in the field of sclerochronology for proxy-
driven climate studies of the recent past (Jones, 1983; Butler
et al., 2013; Schone, 2013) and increasingly also for deep
time applications (e.g., Steuber, 1996; Mettam et al., 2014;
de Winter et al., 2020; Huck, Heimhofer, 2021; Posenato
et al., 2022). While knowledge about the amplitude of sea-
sonality and temporally highly resolved proxy data in ge-
neral are important to constrain palaeoenvironments, more
often macrofossils from the Mesozoic are used for chemo-
stratigraphic purposes and to constrain temporal evolution
of palacotemperatures and other palacoenvironmental pa-
rameters. In environments and periods of Earth history
where seasonality was high, the high shell secretion rate
thus usually causes variability in the data that has to be con-
sidered when attempting to establish representative
chemostratigraphic trends.
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SAMPLING STRATEGIES
FOR COMMON MACROFOSSIL GROUPS

There is a wide range of macrofossils that can be studied
to reconstruct Mesozoic palaecoenvironments, amongst
which belemnites, brachiopods, and bivalves are probably
the most favoured (e.g., Bailey et al, 2003; Dera et al.,
2011; Bodin et al., 2015; Korte et al., 2015; Ferreira et al.,
2019; Hesselbo et al., 2020). Different sampling approaches
are advised for each of these groups, and even within indi-
vidual groups, ongoing research is revealing increasing de-
tail about general biomineral properties as well as taxon-
specific signals.

While general element concentration ranges and types of
shell structures are known well for fossil materials, the finer
details relating to taxon-specific shell structural and geo-
chemical properties remain poorly covered. This paucity of
taxon-specific data for fossils can in time be mitigated by
clearly documented work on taxonomically identified mate-
rial, for which detailed structural and geochemical proper-
ties are reported. However, some general recommendations
in relation to sampling these groups can already be given.

For belemnite rostra, the most coherent geochemical in-
formation can be derived from the intermediate growth in-
crements of its stem region, where isotope and element/Ca
ratios appear to be least affected by effects of shell secretion
rate and biomineral shape (Ullmann ef al., 2015; Ullmann,
Pogge von Strandmann, 2017). Even in this area, though,
complications are expected from the intergrowth of two dis-
tinct calcite varieties (Hoffmann er al., 2016), which can
only be separately determined using high spatial resolution
instrumentation such as laser ablation, electron probe mi-
croanalysis, or secondary ion mass spectrometry (Hoffmann
et al., 2021). The implications and degree of possible bias
on palaeoenvironmental reconstructions from the indiscrim-
inate analysis of bulk rostrum calcite are yet to be fully un-
derstood. Complications equally pertain to the unsettled de-
bate about belemnite ecology and life span (e.g., Naef, 1922;
Urey et al., 1951; Price, Sellwood, 1997; Podlaha et al.,
1998; Rexfort, Mutterlose, 2009; Wierzbowski, 2013; Ull-
mann et al., 2014; Hoffmann, Stevens, 2020), which can
reasonably be assumed to be different for at least some be-
lemnite taxa. Vital effects are clearly present in carbon iso-
tope ratios of a subset of taxa (Serensen et al., 2015), even
though there are instances where C isotope data are quite
compatible with other fossil groups (e.g., Korte, Hesselbo,
2011), making taxonomic work on fossils important and
highlighting a need to look into these effects on a case-by-
case basis. Studies focused on oxygen isotope ratios have
considered vital effects as well, but here, potential offsets
are more equivocal (Price, Passey, 2013; Vickers et al.,

2020; Wierzbowski, 2021), especially considering a poten-
tial cold bias in 8'30 (e.g., Bajnaj et al., 2020; Hoffmann et
al., 2021) requiring further detailed work. The above points
highlight the importance of reporting taxonomic informa-
tion, or — where unavailable — morphological detail and
sampling position for belemnite samples.

Brachiopod data, considering their largely benthic habi-
tat (Carlson, 2016), tend to be comparatively straightfor-
ward to interpret. For brachiopods, a general preference is to
sample (where present) the secondary fibrous shell layers,
ideally in the middle part of the valve, towards but not at the
internal margin of the shell (e.g., Romanin et al., 2018).
Here, vital effects appear to be least prominently expressed
even in otherwise problematic groups such as terebratulids
as established by detailed research on extant species (e.g.,
Auclair et al., 2003; Rollion Bard et al., 2016). Neverthe-
less, minor but significant offsets in isotopic signatures com-
pared to oyster fossils (for example) have been noted even
in nominally ideal targets (Ullmann e? al., 2020), the reasons
for which have not yet been investigated in detail. Brachio-
pods without punctae, e.g. rhynchonellids, are preferred for
sampling, because punctae are often cemented with diage-
netic carbonate, and may act as conduits for diagenetic flu-
ids compromising fossil preservation (e.g., Veizer et al.,
1999; Angiolini et al., 2007; Fujioka et al., 2019). Compara-
tively little is known whether the expression of geochemical
data may be specific to the studied valve (but see Ullmann et
al., 2020), but signals specific to certain shell portions (Ull-
mann et al., 2017a) or types of shell layers (e.g., Cusack
et al., 2008; Perez-Huerta et al., 2008) are well documented
and need to be taken into account.

Bivalves are the most complex group in terms of the fos-
sil biominerals, because there are forms that secreted arago-
nite, calcite, or both carbonate polymorphs (Marin et al.,
2012; Yarra et al., 2021). Where aragonite preservation can
be established, primarily aragonitic fossils would be suitable
targets for palacoclimate work. However, in Mesozoic stra-
ta, calcitic forms are much more commonly sufficiently pre-
served for geochemical work, as expected from the relative
difference in resistance to recrystallisation of these carbon-
ate polymorphs under most conditions of diagenesis (Busen-
berg and Plummer, 1989). Particularly thick-shelled forms
such as oysters (e.g., Korte ef al., 2009; de Winter et al.,
2020; Price et al., 2023) and the calcite parts of rudists
(Steuber, 1996; de Winter et al., 2021) have been used suc-
cessfully. Bivalve habitats and degree of mobility are overall
more complex than for brachiopods (e.g., Hallam, 1976;
Aberhan, 1994), and tolerance of some taxa to adverse envi-
ronmental condition might be reflected in their shell geo-
chemistry (Korte, Hesselbo, 2011). Therefore, awareness of
the taxon-specific ecology may be important in specific cas-
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es. Ontogenetic drifts in incorporation of elements (Schone
et al., 2011; Barrat et al., 2023) is also known. Also isotope
ratios — especially for carbon — may be biased in some shell
portions, even though such biases, at least for oxygen, are
not usually very pronounced (Gillikin et al., 2007; McCon-
naughey, Gillikin, 2008; Curley et al., 2023).

OBSERVED HETEROGENEITY
WITHIN MACROFOSSIL DATASETS

The sample size and sample position for fossil materials
determine data heterogeneity and may bias geochemical
proxies, the latter not only due to admixture of poorly pre-
served material, but also due to the biomineralization pro-
cesses. Besides any preservation issues, the high growth rate
of macroinvertebrates means that shell material captures
seasonally changing conditions in the environment, as well
as the organisms’ metabolic response to seasonality. Other
factors that may be difficult to detect such as food supply,
seasonal spawning, etc., potentially also impact geochemi-
cal signatures.

As illustrated above and powerfully shown with imaging
and geochemical mapping techniques (e.g., Bruckschen
et al., 1995; Barbin, 2000, 2013; de Winter, Claeys, 2017),
macrofossils are generally not uniformly well preserved.
Minimizing sample size and avoiding shell areas that have
been found to be problematic are thus preferable to reduce
the risk of including substantial quantities of altered materi-
al. However, clearly in doing so, the potential primary he-
terogeneity of the shell material will be amplified in result-
ing datasets. Comparatively few studies have specifically
addressed the degree of heterogeneity in well-preserved
macrofossil carbonate. While this sparsity of data can be
compensated to some degree by work on modern analogues,
for instance in brachiopods and bivalves, it is presently un-
clear to what degree generalisations can be made for extinct
taxa from the available information without close extant
relatives. Nevertheless, constraints on these aspects of inter-
pretation are improving.

Datasets that are large enough to quantify primary hetero-
geneity in a statistically robust way for individual fossils,
and that are based on quantitative geochemical analysis with
good control on accuracy and precision, including both C
and O isotope and element/Ca ratio determinations, are rare
(but see Dutton et al., 2007; Wierzbowski, Joachimski,
2009; Serensen et al., 2015; Ullmann et al., 2015, 2020;
Stevens et al., 2017). Additionally, some studies exist that
utilise electron beam and laser ablation techniques in con-
junction with physical sample extraction for isotopic mea-

surements (McArthur et al., 2007), as well as secondary ion
mass spectrometry (Hoffmann ez al., 2021).

Studies based on wet chemical analyses and gas source
mass spectrometry typically make use of samples of a few
milligrams of calcite. Variability of any analysed proxy in
individual fossils in these studies significantly exceeds the
analytical uncertainty of the measurements (Dutton et al.,
2007; Wierzbowski, Joachimski, 2009; Serensen et al.,
2015; Ullmann et al., 2015, 2020; Stevens et al., 2017).
While some of this heterogeneity may be related to compara-
tively small sample size, drifts and trends in proxies have
been observed in fossils that relate to ontogenetic profiling
(e.g., Steuber, 1996; Dutton et al., 2007; Ullmann et al.,
2015), so the degree of heterogeneity seen in ontogenetic
profiles is to be expected when obtaining macrofossil data in
general (compare also Veizer ef al., 1999; Dera et al., 2011;
Ullmann et al., 2014; Bodin et al., 2015; Korte et al., 2015;
Hesselbo et al., 2020; Price et al., 2023). Variability of pub-
lished datasets looking at stratigraphic trends in carbon and
oxygen isotopes and element/Ca ratios is in agreement with
this prediction of the magnitude of inherent ‘noise’ in mac-
rofossil datasets (Fig. 3).

Chemostratigraphic datasets for individual macrofossil
groups in a basin typically show 2 s.d. variability of slightly
less than 1%o in 8'%0, and somewhat higher variability in
carbon isotope ratios. Variability in Mg/Ca ratios is typically
around 30% (2 relative standard deviations) in such data-
sets, while variability in Sr/Ca is about 15%. In serially sam-
pled macrofossils, the observed sample-to-sample variabili-
ty is much reduced in belemnite rostra, where data show
coherent trends over relatively easily resolved spatial scales,
while similar datasets on individual bivalves only show a mo-
derate reduction in variability as compared over stratigraph-
ic datasets, perhaps related to slower shell secretion rates.

Where macrofossils are studied for chemostratigraphic
purposes, this heterogeneity limits the size and confidence
in the magnitude of perturbations in local water temperature
and carbon cycle that can be resolved with such datasets.
Where more robust trends in geochemical proxies are re-
quired, these have to be generated by averaging of data from
multiple samples. For instance, there may be a tendency to
overstate palacotemperature change driven by extracting
such magnitudes from maxima and minima in comparative-
ly small macrofossil datasets, e.g., 7-10°C for Early
Toarcian warming based on brachiopods (Suan ef al., 2010).
Stratigraphic changes in average macrofossil oxygen iso-
tope ratios in the same interval and region are more sugges-
tive of <4°C of warming (Ullmann ef al., 2020), with sig-
nificant consequences for Earth system modeling based on
palaeoclimate perturbations.
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Fig. 3. Geochemical variability of published chemostratigraphic datasets and serial sampling of individual macrofossils
across Jurassic and Cretaceous belemnites, bivalves, and brachiopods
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GENERALISED SAMPLE ASSESSMENT
AND SAMPLING PROCEDURES

GENERALISED PLANNING
FOR A MACROFOSSIL-BASED STUDY

A general framework for assessing samples is outlined
here to inform the layout of palacoenvironmental studies
and aid decisions on which fossil materials to target (Tab. 1).
This assessment is qualitative, because it is recognized that
assessments of a particular scenario will change over time as

relevant aspects are continually re-evaluated, e.g. relating to
biomineralisation.

All categories of this scheme outlined below (Tab. 2—8)
impact on the contribution that a macrofossil-based study
can make, where most of the time it will be the category that
fares worst that defines the overall relevance of the study.
However, the outcome of such an assessment has to be
based on the current scientific context. A guiding principle
might be that a study will be worth carrying out as long as it
improves measurably on the current understanding of a par-
ticular problem.
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Table 1

Evaluation matrix for assessment of relevant parameters influencing the
reliability of macrofossil-based geochemical studies. Quality parameters
from very high (A) to very low (F) are outlined below in text

Depositional setting

Depositional settings can have major impacts on the ex-
pression of geochemical proxies, e.g. through changes in sa-

g g linity, possible water mass stratification, and others factors
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Table 3
A A A A A A A Evaluation scale of controls on depositional environment
B B B B B B B
C C C C C C C Excellent constraints on physical conditions at studied
D D D D D D D A location such as water depth, salinity, oxygenation etc.,
allowing environmental parameters to be determined with
E E E E E E E high very high degree of confidence
F F F F F F F
Strat'g raDhIC control Very good control on depositional environment.
B Knowledge about the depositional context allows very
Understanding Earth System evolution in detail re- good constraints on parameters such as water depth,
quires robust and precise age control of input data, al- salinity, water oxygenation etc.
lowing correlation of datasets across large distances.
Wlthout .these tempora}l Con_Stramts’ eve.n other\ylse Moderate-good control on depositional environment. The
high-quality chemostratigraphic datasets will be of lim- depositional environment is generally well understood,
ited value. C but some ambiguity exists in relation of one or a few key
parameters such as salinity, therefore placing some
Table 2 limitations on the interpretation potential of macrofossil-
Evaluation scale for stratigraphic control on macrofossil age derived data
Excellent stratigraphic control. Samples can be placed .. .
. graphic b . placee Moderate-poor control on depositional environment. The
into chronostratigraphic context with certainty, e.g. via .. . .
A direct links to GSSP, type sections, and/or well general depositional setting is known, but constraints on
established. calibra tc’: d marker be d’numbers D environmental parameters are comparatively weak,
’ limiting the degree to which macrofossil data can be
Very good stratigraphic control. Samples can be placed contextualized
B into a robust stratigraphic framework that relates well to
international chronostratigraphic chart, e.g. via well-
constrained biostratigraphic schemes
. . . Poor control on depositional environment. There is
Moderate-good stratigraphic control. Sample placement into . . -
ratioranhie fi i I 1 ted. but E uncertainty in key parameters relating to the depositional
C ;;;g; psignifigzﬁ?r;i;:tiennser:gy(:)/;;;:.lrl;ri)\?el; ljimlilte J setting that place severe limitations on the interpretations
biostratigraphic constraints and resulting moderate
uncertainty in placement of zonal boundaries
Moderate-poor stratigraphic control. Some relevant Vi trol on d itional envi ¢ There i
stratigraphic constraints exist, but they are generally €Ty poor con'rol on cepositiona’ environment. 1€re 18
D limited, and perhaps of only regional significance, F major amblgulty over k.ey parame.ters relating to t}}e depo-
causing moderate to large uncertainty in the position of sitional settlng makmg 1nte@retat10ns of geochemical
a sample in the chronostratigraphic scheme data from fossil materials highly doubtful
Poor stratigraphic control. Stratigraphic constraints for
E the samples are very weak causing a high uncertainty
in the placement in a wider stratigraphic context
Very poor stratigraphic control. Little to no stratigraphic
F constraint on the position of the sample in the chro-
nostratigraphic chart
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Diagenetic constraints

One of the biggest hinderances in interpretation of mac-
rofossil-based data is an incomplete understanding of the
expression of diagenesis, and hence, whether (and to what
degree) analytical results are offset from the primary values.
Optimisation of knowledge about diagenetic trends for all
proxies of interest is therefore paramount for studies of fos-
sil geochemistry.

Table 4
Evaluation scale for diagenetic constraints

Fossil type and biomineralisation

Macrofossils require specific sampling approaches to
target material that is least likely to be compromised by dia-
genetic overprints as well as enhanced expression of vital
effects, either of which could lead to substantial bias on ana-
lytical outcomes.

Table 5
Evaluation scale for fossil type

Excellent constraints on diagenesis. Diagenetic signatures
are either homogeneous or stratigraphic changes and/or
dependence on lithology and fossil type are very well
constrained. Diagenesis is either insignificant due to
exceptional fossil preservation, or compromised material
can be easily identified via key geochemical proxies.

Ideal fossil material for determination of target proxy. The
fossil material is well understood and widely studied,
including modern representatives of the target taxa, and
has been found to incorporate the target proxy faithfully.

Very good control on diagenesis. Diagenetic signatures
are quite uniform or stratigraphic changes and/or
dependence on lithology and fossil type are well
constrained. Diagenesis is either minor or compromised
material can mostly confidently identified via key
geochemical proxies.

Very good fossil material for determination of target
proxy. The fossil material is well understood and widely
B studied, including modern analogues of closely related
taxa. There is good confidence that the target proxy can
be faithfully extracted from this fossil type.

Moderate-good constraints on diagenesis. Diagenetic
signatures are somewhat complex due to multiple
diagenetic events and/or somewhat heterogeneous
composition of diagenetic endmembers which cannot
easily be linked to stratigraphy, lithology or fossil type.
Preservation of fossils is regularly good, and diagenetic
overprints can largely be identified with a good degree of
robustness using key geochemical proxies.

Moderate-good fossil material for determination of target
proxy. The fossil material is reasonably well understood
and/or widely studied, and there are reasonably good
constraints on their biomineralisation from related
modern taxa or through comparison with well-constrained
fossils. There is good confidence that the fossil material is
suitable for extraction of the target proxy, even though
minor possible biases might exist.

Moderate-poor constraints on diagenesis. Diagenetic
signatures are complex, e.g. due to multiple diagenetic
phases impacting on the fossils differentially. No clear
diagenetic endmember can be identified. Fossil preserva-
tion is moderate and constraining the degree of overprint
is not always possible based on common criteria.

Moderate-poor fossil material. The fossil type is
incompletely understood and/or not commonly studied,
and there may be significant challenges ground truthing
D data due to the absence of suitable modern analogues or
other fossil material that proxy data can be calibrated
against. Some biases imposed on the target proxy may be
known.

Poor constraints on diagenesis. Diagenetic signatures are
complex. Identification of diagenetic endmembers may
not be possible and multiple diagenetic phases may have
E impacted on fossil preservation, but some inference about
diagenetic trends are possible. Fossil preservation tends to
be poor and no common criteria to identify well-preserved
materials can be identified.

Poor fossil material. The fossil type is incompletely
understood and/or not commonly studied. There are

E substantial challenges in ground truthing proxy data or the
target proxy is known to be significantly biased in the
target material.

Very poor constraints on diagenesis. Diagenetic signatures
are very complex and diagenetic endmembers either

F highly heterogeneous or not identifiable. Fossil preserva-
tion is mostly very poor and very few samples, if any, can
be confidently identified as well preserved.

Very poor fossil material. There is very little understand-
ing of the way that the target proxy is incorporated in the
fossil shell and/or the fossil material may be barely
studied if at all. There is little prospect of being able to
ground truth the data and there may be no clear modern
analogue to compare the fossil material with. Alterna-
tively, the fossil type may be known to not faithfully record

the target proxy.
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Ecology

Ecological constraints are useful, as they allow contextu-
alization of geochemical proxies in shell materials on the
basis of inferences about habitat, feeding behaviour, meta-
bolic rates, and many more factors.

Table 6
Evaluation scale for understanding of fossil ecology

The ecology of the target taxon is very well established,
causing no complications for understanding the studied

A proxy. Transfer functions for the proxy consequently have
negligible uncertainty, allowing for very precise and
accurate palaecoenvironmental reconstruction.

The ecology of the target fossil is well known, causing
little if any complexity for understanding the studied

B proxy. Transfer functions for the proxy have little
uncertainty, allowing for precise and accurate palacoenvi-
ronmental reconstruction.

The ecology of the target fossil is reasonably well known,
or the ecology may impose some significant complexity
for understanding the studied proxy. Some uncertainty on
C transfer functions for the proxy arise as a consequence.
Palacoenvironmental reconstruction is nevertheless
possible with reasonably good confidence despite these
limitations.

Some aspects of ecology are poorly established or cause
considerable variability in the target proxy and therefore
lead to considerable complexity for the understanding of

D . . Lo
the studied proxy. Palaecoenvironmental reconstruction is
somewhat doubtful as a result, even though general
inferences can be treated as robust.

The ecology is poorly known or known to be complex,

E causing substantial challenges for reconstructing

palaeoenvironmental parameters. Use of this taxon does
only allow for broad inferences about the target proxy.

The ecology is largely unknown or known to be highly
F complex. Palacoenvironmental reconstructions are
consequently highly doubtful for the target proxy.

Taxonomy

The expression of geochemical proxies and magnitude
of vital effects can be highly specific to individual taxa, even
though this is not necessarily the case. Nevertheless, the bet-
ter the taxonomic control, the better the ability to assess the
potential of taxon-specific expression of geochemical prox-
ies and comparability to other published datasets.

Table 7
Evaluation scale for taxonomic control

The fossil is identified to species level, or it is known that
the target proxy is not differentially expressed in the fossil

A ;
type at a finer level than can be determined for the
specimen.
The fossil is identified to genus level, or it is known that
B there is little differential expression in the target proxy in

the fossil type at a finer level than can be determined for
the specimen.

The fossil is identified to family level. The target proxy is
C mostly insensitive to finer taxonomic levels, but some
minor differences in expression may occur.

Taxonomic identification of the fossil is coarse. The
target proxy is reasonably uniformly expressed in this
fossil type, so that general interpretations remain
possible.

Taxonomic identification of the fossil is very coarse. The
E target proxy is known to be taxon specific, allowing only
for general inferences.

Taxonomic identification of the fossil is very coarse. The
F target proxy is highly taxon specific, precluding
meaningful interpretation of the data.
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Sample location

The ability to control where a sample is taken on a fos-
sil can be critical for the research outcome. Choice of sam-
ple location may be limited by the preservation of the fos-
sil, but nevertheless should be monitored carefully in
relation to known biomineralisation behaviour of the tar-
geted substrate.

Table 8
Evaluation scale for sample position on fossil material

The sample can be taken from a shell portion for which it
is known that the proxy is expressed without bias.
Heterogeneity of the shell material is known to be of no
consequence to the studied problem .

The sample can be taken from a shell portion where the
B proxy is known to be expressed without bias. Unwanted
variability of the proxy is minimal.

The samples can be taken from a shell portion where the
C proxy is known to be almost unbiased. Unwanted
variability in the expression of the proxy is limited.

The sample position is known to be sub-optimal as
there is known, but limited bias on the target proxy.
Unwanted variability in the expression of the proxy is
considerable.

The sample position is known to affect the expression of
the proxy considerably, causing significant bias on the
outcome. Unwanted variability in the expression of the
proxy is large.

The sample position is known to strongly affect proxy
expression, making the data largely uninterpretable.

F Unwanted variability in the expression of the proxy
makes extraction of meaningful information impos-
sible.

SUSTAINABILITY AND MAXIMIZING DATA VALUE

Maintaining a geochemical laboratory and analytical in-
strumentation are inevitably detrimental to the environment,
be it via the consumption of energy, the generation of che-
mical waste that needs disposal, or the requirements for spe-
cialist consumables and reagents such as clean sample con-
tainers, purified water and acids, and high purity gases. This
issue is now widely acknowledged and has led to the estab-
lishment of various sustainability programs (e.g., Schell,
Bruns, 2024).

Guiding principles of research on Mesozoic macrofossils
must therefore be to maximise the amount, accessibility, and
utilization of data that are derived from relevant material,
and to design laboratory protocols that limit the extent of en-
vironmental impact caused by the analytical work and re-
quired laboratory infrastructure as much as possible without
compromising research outcomes.

This paradigm aligns with the ambition to increase the
open accessibility of research and research data (Nosek
et al., 2015) and with the necessity to maximise metainfor-
mation about research samples to best ascertain that analyti-
cal data can be meaningfully interpreted.

Information about the quality and nature of macrofossil
carbonate arises from numerous steps in preparation and an-
alytical protocols, many of which are not commonly report-
ed, if they are utilized at all. In particular, reporting of sam-
ple location and sample weight as well as descriptive
information about the nature of the studied material can be
critical to contextualise findings and should be included into
data reports. Maintaining gravimetric control on sample
masses and dilution factors, for instance, allows the carbon-
ate content of samples to be determined using various ana-
lytical instruments (Ullmann et al., 2020), a measure that
can be taxon specific and complementary for interpretation
of taxonomic and ecological parameters in fossil popula-
tions.

Even though some analytical data may not be utilized for
interpretative work in a study, full disclosure of all acquired
research data in an easily editable format is highly encour-
aged to allow these outcomes to be available for future re-
search.

GENERALISED SAMPLING PROCEDURE

Based on the above considerations regarding sample
preservation, diagenesis, and heterogeneity of fossil materi-
als, and the need to constrain fossil preservation as compre-
hensively as possible, the following general sampling and
analytical procedure is proposed (Fig. 4). This schematic
protocol has to be adapted to the specific requirements of the
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Fig. 4: Generalized sampling, analysis and evaluation procedure for Mesozoic macrofossils

A. Sampling of fossil materials should include poorly preserved material as well as diagenetic and bulk phases to be able to constrain post-depositional
overprints. Sampling for structural assessment of hard parts is advised for fossil materials, ideally including also poorly preserved parts. B. Geochemical
analyses should be undertaken on all samples, covering all proxies of interest for diagenetic phases, poorly preserved and best-preserved material, determining
as a minimum element concentrations supporting the interpretation of preservation state and — in the case of fossil materials — also at least basic study of
optical evaluation of preservation. G. Evaluation of obtained results should address level of structural and geochemical preservation of hard parts, based on the
best achievable constraints from diagenetic endmembers and published data on comparable taxa

accessible fossil substrates and target proxies, keeping in
mind the specific constraints from studied successions and
fossil types.

Following the selection of a section/core/collection with
optimal stratigraphic control and knowledge about deposi-
tional environment, sampling, as outlined above, ideally in-
volves all relevant diagenetic phases that are observable in
studied successions, and also fossil materials that are com-
promised by overprints. This approach allows attribution of
geochemical trends of alteration to specific diagenetic phas-
es, and evaluation of the direction and magnitudes of over-
print.

Upon determination of the chosen fossil substrate to the
finest possible taxonomic level, sample extraction needs to
be done in line with the specific requirements of this fossil
type, with the aim to minimize sample size which is dictated
by the targeted proxies. In any case, the location of sampling

and sample size should be noted to contextualize later out-
comes. This approach allows to extract materials that are
least likely to be affected by diagenetic overprints or other-
wise compromised by uncontrollable biological factors.

Sampling procedures should always include optical as-
sessment of preservation, at least by eye, but ideally also us-
ing binocular microscope, petrographic microscope or more
sophisticated methodology that allows for the visualization
of the preservation of individual crystal units such as shell
fibres in the fossil carbonate. Where geochemical proxies
are targeted, the target proxy of choice and concentrations of
a basic set of elements such as Mg, Sr, Mn and Fe should be
determined for the fossil material as well as on samples of
compromised fossil material as well as relevant diagenetic
phases.

Comparison of results from best preserved samples with
compromised samples and diagenetic endmembers allows
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best constraint on which diagenetic phase may have impact-
ed geochemical signatures most prominently, and to quanti-
fy the degrees of overprint on materials targeted for pal-
aeoenvironmental or chemostratigraphic interpretation. This
knowledge in turn helps to determine if quantitative markers
for preservation can be set for specimens or fossil groups in
the studied section, which may well be specific to taxon,
stratigraphic level, lithology, and target proxy.

Data that pass such rigorous screening can then be confi-
dently considered to best reflect the primary signals locked
into the carbonate during biomineral secretion and interpret-
ed in relation to palacoenvironments, keeping in mind the
complicating factors arising from biological control on the
formation of these materials.

CONCLUSIONS

Macrofossil carbonate constitutes one of the most im-
portant substrates for the reconstruction of Mesozoic pal-
aeoenvironments and chemostratigraphy. To optimize the
reliability of results obtained, some general principles of
sampling and analysis are proposed.

Samples should be taken from best preserved fossil ma-
terials, but also from visibly altered materials and other
clearly diagenetic phases in the studied succession, at the
same time minimizing sample size for best-preserved fossil
materials.

Samples should be described by comprehensive metain-
formation, including stratigraphic level, sample position on
fossil hard part, and sample size, and the data reported in
full.

Sample evaluation should include optical and geochemi-
cal features of studied specimens and be linked to geochem-
ical signatures of compromised fossil material and diage-
netic endmembers. Comparison to reported geochemical
and structural information on taxa as closely linked as pos-
sible in time and taxonomy will assist this evaluation.

A hierarchical assessment protocol should be adopted,
where samples for advanced proxies are supported by ana-
lytical data covering at least basic chemical composition.
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